Paramagnetism-based nuclear pseudocontact shifts and spin relaxation enhancements contain a wealth of information in solid-state NMR spectra about electron-nucleus distances on the $20 Å length scale, far beyond that normally probed through measurements of nuclear dipolar couplings. Such data are especially vital in the context of structural studies of proteins and other biological molecules that suffer from a sparse number of experimentally-accessible atomic distances constraining their three-dimensional fold or intermolecular interactions. This perspective provides a brief overview of the recent developments and applications of paramagnetic magic-angle spinning NMR to biological systems, with primary focus on the investigations of metalloproteins and natively diamagnetic proteins modified with covalent paramagnetic tags.
Introduction
Biological magic-angle spinning (MAS) solid-state NMR spectroscopy has matured tremendously throughout the last decade or so, yielding unprecedented structural, dynamic and mechanistic insights for a broad range of biomacromolecules and macromolecular assemblies as discussed in detail in comprehensive reviews . While this rapid growth continues apace, for many biological systems the solid-state NMR studies aimed at elucidating the tertiary, quaternary or supramolecular structure are hampered by a limited number of distance restraints on the order of $5-10 Å that can be derived from measurements of weak dipolar couplings among 1 H, 13 C, 15 N and other nuclei [23] [24] [25] [26] [27] [28] [29] [30] [31] .
While the magnitudes of nuclear gyromagnetic ratios place a fundamental limit (of approximately 10 Å) on the range of distances that can realistically be probed in practice using conventional dipolar coupling based solid-state NMR approaches, as well as on the quality and quantity of such long distance restraints due to low intensities of the associated resonances in multidimensional correlation spectra, both the length scale and number of accessible structural restraints may be considerably increased by taking advantage of the presence of native or non-native paramagnetic centers in the biological system of interest. Such paramagnetic centers cause hyperfine interactions between the unpaired electron spins and surrounding nuclei, which far exceed in magnitude the internuclear dipolar couplings, and manifest themselves in NMR spectra as electron-nucleus distance dependent pseudocontact shifts (PCSs) [32] and/or paramagnetic relaxation enhancements (PREs) [33] of the nuclear spins that are detectable for distances on the order of $10-20 Å and beyond [34] . Fig. 1 illustrates conceptually how site-resolved nuclear PRE and PCS phenomena can be measured in proteins using two-dimensional NMR.
In contrast to solution NMR, where pseudocontact shifts and paramagnetic relaxation enhancements have been utilized successfully for many years to study biomacromolecular structure and interactions [35] [36] [37] [38] [39] , until quite recently, solid-state NMR studies of paramagnetic systems have focused nearly exclusively on small inorganic compounds [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] with only a few early investigations aimed at selectively isotope labeled peptides and proteins [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . This trend began to shift dramatically around 2007, however, with the initial reports describing applications of MAS solid-state NMR to uniformly 13 C, 15 N-enriched paramagnetic discussed in prior reviews [67] [68] [69] [70] [71] [72] [73] . This perspective focuses on the recent advances in application of paramagnetic MAS solid-state NMR to the structural studies of metalloproteins and natively diamagnetic proteins modified with paramagnetic tags.
Paramagnetic effects in solid-state NMR spectra
For paramagnetic metal ions with anisotropic magnetic susceptibility tensors, such as Co 2+ and most lanthanides other than Gd 3+ , the PCSs of NMR signals for a polycrystalline solid sample undergoing MAS have the same form as in solution [34, [68] [69] [70] :
where r is the electron-nucleus distance, Dv ax and Dv rh are the axial and rhombic components of the magnetic susceptibility tensor of the metal, and angles h and u describe the orientation of the electron-nucleus vector in the frame of the magnetic susceptibility tensor. The PCS magnitude is independent of nucleus type, with typical values ranging from a few tens of a ppm to several ppmfurthermore, due to its orientational dependence the PCS can be positive or negative. It is also worth noting that for nuclei located in immediate proximity to the paramagnetic center, a non-zero electron spin density at the nucleus can lead to additional Fermi contact shifts of the NMR signals [32, 34] . While these contact shifts can far exceed the PCS contributions for the affected nuclei, they are generally negligible beyond the coordination sphere of the metal ion and hence of limited utility in the context of long distance measurements in biomolecules. The presence of a paramagnetic center in the molecule of interest also invariably leads to enhanced relaxation rates of the nuclear spins due to the modulation of electron-nucleus dipolar couplings [34] . In the solid phase this modulation is largely associated with electron spin relaxation (described to a reasonable approximation by the longitudinal relaxation time constant T 1e ), and the longitudinal (C 1 ) and transverse (C 2 or C 1q ) nuclear PREs can be expressed as follows [68] [69] [70] :
where r is the electron-nucleus distance, x n and x e are the nuclear and electron Larmor frequencies, and C a pre-factor that depends on fundamental constants, the nuclear gyromagnetic ratio and the spin quantum number for the paramagnetic center [68] [69] [70] . For centers with isotropic or nearly isotropic magnetic susceptibility, including nitroxides and Mn 2+ , Cu 2+ and Gd 3+ ions, longitudinal and/or transverse PREs constitute the primary paramagnetic effects while the PCS contributions are negligible. Importantly, notably absent in the solid state [74] is the Curie relaxation mechanism [75, 76] , which stems from the interaction between the nuclei and the average magnetic moment of the paramagnetic center and which can dominate transverse nuclear spin relaxation in soluble biomacromolecules containing rapidly relaxing metal ions [34] .
Applications to structural studies of metalloproteins
The first MAS solid-state NMR measurements of 13 C PCSs in the 159 amino acid MMP-12 by Bertini, Luchinat and co-workers [65] are shown in Fig. 2a . Nearly 250 experimental shifts, in the range of À3 to 3 ppm, could be detected for nuclei located up to $20 Å from the paramagnetic Co 2+ center. These PCSs were found to be in good agreement with the corresponding shifts calculated using the known three-dimensional structure and magnetic susceptibility tensor parameters for Co(II)-MMP-12. Notably, a small number of the experimental PCSs displayed substantial deviations from the calculated values, which could be quantitatively accounted for by considering the contributions to the PCS from several Co 2+ ions in neighboring protein molecules within the crystal lattice [65] . Subsequent studies demonstrated that the intra-and intermolecular PCSs could be determined independently using MMP-12 microcrystals consisting of physical mixtures of Co(II) and Zn(II) proteins to yield valuable structural restraints [77] , and that rapid ($60 kHz) MAS permits paramagnetic shifts to be quantified for nuclei as close as $6 Å to the Co 2+ center (Fig. 2b and c) [78] . Interestingly, the latter study showed that for 13 C nuclei located 6.2 Å or more from the Co 2+ site the calculated PCS values were a close match to the experimental shifts (Fig. 2b) . On the other hand, considerable discrepancies were found between the experimental and calculated shifts for the detectable nuclei belonging to histidine residues coordinating the metal (Fig. 2c) , and attributed to a combination of the Fermi contact contribution stemming from partial delocalization of the Co 2+ unpaired electrons onto the coordinating ligands and a possible breakdown of the point-dipole approximation implicit to PCS calculations using Eq. (1) [78] . The use of PCS restraints in protein structure determination was initially demonstrated by Bertini and co-workers for MMP-12 [79] , where in addition to yielding long distance information these data were also found to be useful for resolving ambiguities in resonance assignments and conventional nuclear distances. The data set used to derive the protein structural ensemble (Fig. 2d ) consisted of over 300 13 C PCSs for the Co(II) protein and $800 H distance restraints extracted with the help of PCS data, supplemented by chemical-shift based backbone dihedral restraints. Remarkably, Luchinat et al. [80] recently showed that by supplementing the internuclear distance and total (i.e., combined intra-and intermolecular) PCS restraints measured for an undiluted paramagnetic Co(II)-MMP-12 sample with unit cell parameters available from powder X-ray diffraction it is possible to determine both the protein structure and its packing within the crystal lattice (Fig. 2e) .
The MAS solid-state NMR studies of another microcrystalline paramagnetic metalloprotein, human Cu(II)-Zn(II) SOD, initiated by Pintacuda, Emsley, Bertini and co-workers [64] demonstrated that nearly complete 13 [85] . A complementary study [86] demonstrated that it is possible for SOD to exchange the metal ions, resulting in a protein having one metal binding site occupied by Co(II) with the second site being empty, and to use this Co(II)-SOD sample to determine site-specific PCS restraints. With the aid of perdeuteration, rapid MAS and C PCS restraints, complemented by the usual chemical shift-based dihedral angle restraints. The backbone atom RMSD between the mean solid-state NMR structure and the high-resolution X-ray structure is 1.3 Å. (e) Structure and crystal packing of Co(II)-MMP-12 determined using $700 internuclear distances and $470 total (i.e., intra-and intermolecular) 13 C PCSs measured in an undiluted paramagnetic sample combined with powder X-ray diffraction data [80] . The X-ray and NMR derived crystal lattices are shown in orange and blue, respectively. H paramagnetic shifts [86] . With large sets of conventional 1 H-1 H distances ($300 total derived from 3D HNN spectra) [84] , and paramagnetic PRE and PCS restraints available for SOD it became possible to quantitatively assess the effect of different types of restraints on the quality of the resulting NMR structural ensembles as illustrated in Fig. 4 . Specifically, it was found that when used independently the PRE (Fig. 4b) or PCS (Fig. 4c ) restraints are able improve the precision of the protein structure by roughly a factor of two relative to that derived using 1 H-1 H distances alone (Fig. 4a) , with the backbone atom RMSD being reduced from 3.1 Å without any paramagnetic restraints to 1.6 Å and 1.7 Å with PREs or PCSs, respectively. The simultaneous use of both PRE and PCS data results in further improvement in the structure quality (backbone RMSD of 1.4 Å), with the protein backbone conformation in the vicinity of the metal binding sites being particularly well-defined (Fig. 4d ).
Applications to structural studies of natively diamagnetic proteins
The successful measurements of site-specific solid-state NMR PREs and PCSs in uniformly 13 C, 15 N-labeled paramagnetic metalloproteins and their use in the context of protein structure refinement naturally raise the possibility of extending these investigations to natively diamagnetic proteins, where the paramagnetic centers are introduced in the form of covalent tags (Fig. 5) . Indeed, such studies were commenced by our group [66] concurrently with the metalloprotein work described above, and . Suitable diamagnetic reference samples required for quantitative measurements of PCS/PRE effects are generated by loading the metal binding tags with Zn 2+ or tagging the protein with an analog of R1 containing a 1-acetyl group in place of 1-oxyl [112] . subsequently pursued by us [73, [87] [88] [89] [90] [91] and others [92, 93] . The fundamental approach was initially demonstrated for a model 56-residue globular protein GB1, where solvent-accessible residues were mutated to cysteines and tagged with a nitroxide spin label (Fig. 5a ) [66] . Additionally, given the small size and dense crystal packing of GB1, the 13 C, 15 N-labeled paramagnetic proteins in these studies were diluted to a mole fraction of $25% by co-precipitation with natural abundance diamagnetic protein in order to attenuate the intermolecular electron-nucleus couplings.
For nitroxide radicals present within hydrated proteins at ambient temperature, the relatively long electron spin relaxation time (T 1e % 100 ns) [34, 36] generates considerable transverse nuclear PREs in the solid phase and these effects could be detected on a residue-specific basis by monitoring the NMR signal intensities in 2D 15 N- 13 C chemical shift correlation spectra. These experiments revealed that for amino acids located within $10-12 Å of the radical the cross-peak intensities were significantly reduced or suppressed altogether, largely due to rapid amide proton relaxation during the initial 1 H-15 N cross-polarization period. For more distant nuclei the electron-nucleus distances could be estimated by monitoring the relative signal intensities, with significant effects observed for distances up to $20 Å (Fig. 6a and b) . Although rather qualitative in nature these transverse PRE based restraints are capable of yielding valuable information about the protein fold and intermolecular interactions on a length scale that is not accessible by conventional means. An excellent recent demonstration of the utility of this spin-labeling based solid-state NMR approach for probing intermolecular contacts in large proteins has been provided by Ladizhansky and co-workers [92] , who were able to use it to determine the oligomeric assembly of a seven-helix sensory rhodopsin in a membrane environment (Fig. 6c) . The direct correlation between the electron spin relaxation (T 1e ) and the transverse PRE magnitude in the solid state (c.f., Eq. (2)) indicates that this phenomenon may be quenched by employing and His residues) on the accuracy of the measured PREs [89] . The ability to record long distance PRE data for multiple paramagnetic mutants of the target protein opens up the possibility of determining its three-dimensional structure in a de novo manner in the absence of conventional internuclear distance restraints. This was pursued in a recent study by our group [90] PREs could be determined (Fig. 7c) , corresponding to $4-5 restraints per amino acid residue on average-it is noteworthy that, due to their long range nature, even a fairly limited set of these PRE restraints provides extensive coverage of the protein structure. About half of the measured PREs exceeded 0.1 s À1 and were used directly in the course of the structure calculations, while the remaining PREs were converted to lower-limit distance restraints in order to improve the convergence of the calculation procedure. In Fig. 8 we demonstrate the utility of these 15 N PRE data for elucidating the three-dimensional fold of GB1. Most remarkably, these results show that by using a largely unrestricted calculation protocol that includes the PREs and chemical-shift based backbone torsion angles as the only experimental restraints it is possible to determine a protein fold that is in good agreement with the high-resolution crystal structure (RMSD of 1.8 Å for the backbone atom coordinates) ( Fig. 8b and c) .
The above demonstration that sparse paramagnetic restraints suffice to determine a structure of a natively diamagnetic protein in the absence of NMR data other than chemical shifts has prompted additional developments of this paramagnetic solidstate NMR approach. One avenue is the development of compact Cu 2+ chelating tags (e.g., the TETAC side-chain shown in Fig. 5c [91]), which offer significant advantages over the longer and more flexible EDTA-based tags including the generation of more pronounced nuclear PRE effects and reduction of the uncertainty in the position of the metal ion with respect to the protein. Recently, the measurements of solid-state NMR PCS restraints for several GB1 mutants modified with the 4MMDPA tag [94] (Fig. 5d ) loaded with Co 2+ and several lanthanides, as well as their use in threedimensional protein fold determination using a Rosetta based approach [95] have also been demonstrated by Yang and co-workers [93] . The latter study found that for each GB1 analogue investigated the use of $70-100 PCS restraints per mutant resulted in the lowest energy PCS-Rosetta protein models exhibiting backbone RMSDs on the order of $1 Å relative to the high-resolution X-ray structure (see Fig. 9 ).
Concluding remarks
In this perspective we have outlined the recent progress in protein structural analysis by paramagnetic solid-state NMR. The ability to detect and quantify a multitude of site-specific nuclear PCSs and PREs in multidimensional MAS NMR spectra coupled with the long-range nature of these phenomena has already enabled, in a relatively short period of time, an array of applications ranging from structure refinement of metalloproteins to de novo structure determination of natively diamagnetic proteins tagged with paramagnetic side-chains and characterization of intermolecular contacts in a large membrane protein complex. Furthermore, although not elaborated upon here in detail, the solid-state NMR studies of biological samples containing extrinsic or covalentlybound paramagnetic centers are inherently compatible with condensed data acquisition schemes that yield spectra with enhanced sensitivity [88, [96] [97] [98] [99] [100] [101] [102] [103] , and have also been utilized in a host of other applications including the characterization of Cu 2+ ion binding to amyloid peptide assemblies [104, 105] , solvent-accessibility of peptide and protein surfaces [59, 97, 106, 107] , and architecture of membrane-bound small molecule aggregates [108] . Given the rapid pace of advances in paramagnetic solid-state NMR, numerous new applications of this methodology are likely to emerge in the coming years. 
